In this paper, we propose a new microwave technique for the localization and the dielectric characterization of physically inaccessible cylindrical objects from amplitude-only data. By means of a neural network, used to solve the inverse scattering problem, this technique allows to directly achieve the object retrieval, avoiding the drawbacks related to the measurement of the phase distribution of the field, which generally represent a critical point, especially at high frequency. The efficiency of the proposed technique in the reconstruction of both the position and the dielectric properties of a circular cylindrical body from amplitude-only information is illustrated and is compared with the reconstruction performances of a neural network imaging technique which makes use of both amplitude and phase of the scattered field. The presence of noisy data is also taken into account, showing the dependence of the reconstruction accuracy on the signal-to-noise ratio.
Introduction
In the last decade, the development of microwave techniques for the investigation of physically inaccessible objects has become a topic of great practical interest. Two classes of problems have generally been considered: the first one dealing with the localization and the reconstruction of the external boundary of the object [1] [2] [3] , and the second one considering the retrieval of the object profile and providing a qualitative or quantitative reconstruction of the complex dielectric permittivity of the object [4] [5] [6] [7] , [8] [9] [10] [11] [12] . Many techniques and algorithms have been proposed: microwave holography [1] , diffraction tomography [6] and iterative methods, such as pseudoinverse transformation [7, 8] , distorted Born [9] , Newton-Kantorovitch algorithm [5, 10] and stochastic approaches [4, 11, 12] , are only some examples. In the last few years and for particular classes of electromagnetic problems, such as the detection of cylindrical dielectric objects, also the use of neural networks have been introduced showing excellent performances [13] , [14] . All these techniques, although employing different algorithms and facing different problems, are characterized by the use of the complex values (i.e., amplitude and phase) of the scattered electric field as input data for the inversion procedure.
Unfortunately, in real applications, while the amplitude measurement is not a critical point, the measurement of the phase distribution generally requires sophisticated equipments, which are more and more expensive as the frequency becomes higher and higher. In the light of the above considerations, the development of electromagnetic techniques based on the use of amplitude-only data is certainly very appealing.
Recently, the use of phaseless data, have been proposed for near field to far field transformations and for antenna diagnostic. The developed approaches are essentially based on the retrieval of the phase distribution from the amplitude [15, 16] or from the squared amplitude [17] of the measured field.
At the moment, however, to the best of authors' knowledge, no application of phaseless data techniques to detection and dielectric reconstruction has been proposed yet.
The purpose of the present paper is then to investigate the performances of microwave techniques when only the amplitudes of the scattered electric field, at different observation points, are available. In particular, due to our recent experience [13, 14] we present a microwave technique based on neural networks. The feasibility of the proposed approach is analyzed by considering two simple but meaningful test cases. The first one deals with the dielectric characterization of cylinders in free space and the second one considers a problem of interest in the detection of buried objects. It will be shown that very accurate dielectric reconstructions can be achieved for homogeneous cylinders and that the positions of circular cylinders buried in a lossy half space can be identified with very small errors. Moreover, the results of this technique are compared, for the two cases considered, to the results obtained by using the standard technique, i.e., neural networks and complex values of the scattered electric field evaluated at the same observation points. These comparisons will show that when state-of-the-art performances are necessary it is sensible to use the standard technique requiring the measure of the phase of the scattered field but when this is not the case, good absolute performances can be achieved by using amplitude-only data and simplified measurement hardware. Finally, to further test the capability of the proposed technique and to have an insight of a real situation, also the presence of noise affecting the measured input data is taken into account.
A microwave technique based on amplitude-only data
In this section we illustrate how a neural network can be used for the detection and the dielectric reconstruction of cylindrical targets from amplitude-only data. In particular, subsection 2.1 is devoted to the description of neural networks while the application to the solution of amplitudeonly inverse scattering problems is considered in subsection 2.2.
The neural network
A neural network is a computing system simulating the human nervous systems. Through a large number of processing elements (neurons or nodes), highly interconnected and organized in a layered structure (see Figure 1) , the neural network represents a mathematical model able to elaborate information by its dynamic state response to external inputs.
The layer that receives the input data from the outside world is called input layer: it typically performs no function other than the buffering of the input signal. The successive layers (both hidden and output layers), actively processes the information, through a suitable activation function associated to each node. Since each connection between the neurons of two different layers is characterized by a weight, the input of every node is a weighting of the information carried out by the previous layer (see Figure 1 ), usually incremented with a trainable offset (bias) [18] .
Therefore, if a data pattern x (0) = {x 1 (0), . . . , x N0 (0)} is applied to the input of a network characterized by N m layers and N n nodes in the n-th layer, it propagates through the structure varying the output (status) of each neuron as follows:
being f the activation function (for instance, a sigmoid), x k (l) the status of the k-th neuron of the layer l, w (k) i (l) the weight associated to the connection between the i-th neuron of the layer l − 1 and the k-th neuron of the layer l and b k (l) the bias associated to the k-th neuron of the layer l.
The values of the weights and biases associated to each layer are defined during the training phase: a set of input patterns characteristic of the investigated problem (training data patterns) is granted to the network and the corresponding output is calculated. By minimizing with respect to weights and biases, the difference between the output of the neural network and the expected one (target), the strength of each connection is evaluated and the neural network is specialized to the solution of the given problem. Therefore, no a-priori knowledge on the functional relating input and output data of the physical problem is required. In particular, as far as inverse problems are concerned, the use of a neural network allows to obtain the reconstruction of both the localization and the dielectric properties of the object under test, avoiding to directly solve an inverse scattering problem and, consequently, reducing the data processing time.
In our analysis, in particular, we employ a two-layer feed-forward perceptron neural network. The efficiency of this architecture in facing inverse scattering problems has already been tested when the complex values of the scattered electric field are used as input data [13, 14] . Therefore, the same structure (i.e., a single hidden layer characterized by a number of nodes equal to that of the input layer) is also employed when only the information about the amplitudes of the scattered electric field is available.
The application of the neural network to the amplitude-only imaging problem
Let us consider a typical inverse scattering problem where a well known source J(r) is supposed to illuminate an investigation domain where an object under test is located. Then, let us assume that the values of the amplitude of the scattered electric field (|E i | , i = 1, . . . , N ) are available at a number of observation points out of the investigation region. By using a neural network approach, the solution of the inverse scattering problem can be achieved assuming as input data for the neural network the values of the amplitude of the scattered electric field |E i |. The position and/or the dielectric properties of the object (i.e the unknowns of the problem) will represent the outputs.
In our analysis, we consider, in particular, circular dielectric cylinders as objects under test. Therefore, a complete reconstruction is obtained choosing, as output data for the neural network, the coordinates of the center of the cylinder section, the relative dielectric permittivity and the electric conductivity.
Numerical results
In this section we test and numerically validate the use of neural networks for the solution of electromagnetic inverse problems when only the amplitude of the scattered electric field is available. Two simple but meaningful problems are considered: the first one deals with the dielectric reconstruction of the relative dielectric permittivity and of the electric conductivity of homogeneous cylinders in free space and the second faces the problem of the detection of buried objects. The obtained results are then compared with those calculated by the standard neural network technique which exploits the information contained in both amplitude and phase of the scattered field. Finally, the performances of the amplitude-only technique are tested by adding to the input data of the neural network a gaussian noise of different amplitudes so as to consider different signal-to-noise ratios.
Other more challenging problems (3D targets or low contrast buried cylinders) are of interest and will be considered in the near future.
Dielectric reconstruction
The first example considered is described in Figure 2 . An electric line source operating at 500 MHz illuminates a square investigation domain of side equal to 2λ (where λ is the wavelength in freespace) holding a circular cylindrical body. The radius of the cylinder is R = λ/6 and its centre position is x c = y c = 0. The two unknowns of the problem are its relative dieletric permittivity ε r and its electric conductivity σ.
Sixteen equally spaced observation points are used to measure the amplitude of the scattered electric field. They are located in the (x, y) plane, all around the investigation region on a circular line of radius r = λ and length l = 3πr/2. The data set used for the training phase, obtained solving the direct scattering problem in a closed form [19] , and
The performances of the microwave technique based on amplitude-only data are also compared to the ones of the standard technique which makes use of neural networks and amplitude and phase of the scattered field. The errors obtained by using this technique with the same training and test sets as before (apart from the obvious difference in the input data) are RE max εr = 0.42%, RE max σ = 9.6%, RE av εr = 0.16%, and RE av σ = 2.5%. As expected the precision of the standard technique is superior but nonetheless the performances of the simplified technique are good.
Detection
In the second example we analyse the capability of the microwave tecnique based on amplitudeonly data to detect (i.e., to localize) buried cylinders. The problem considered is illustrated in Figure 4 . A dielectric cylinder of known geometric and dielectric properties (R = λ/12, ε r = 5.0 and σ = 0.0) is buried in a lossy half-space and its position can vary in a square investigation domain having a side length L equal to λ. An electric line, placed at a distance equal to λ/6 from the air-ground interface and operating at 500 MHz, is considered as illuminating source. The dielectric properties of the half space where the cylinder is buried are ε r,soil = 20.0 and σ soil = 0.001 S/m. Its magnetic permeability is that of the vacuum.
Exactly as in the previous example, sixteen equally spaced observation points are used to measure the amplitude of the scattered electric field, but now they are placed along a line of length L parallel to the planar interface (some comments on the number of measurement points for the problem here considered can be found in [20] ). The unknowns of the problem are, in this case, the coordinates x c and y c of the centre of the cylinder.
The data sets used, respectively, for the training and the test phases have been obtained by using a finite element code (for more detail, see [21] The results obtained during the test phase are reported in Figure 5 . Also in this case the performances are very good. As a matter of fact the errors in the localization of the buried object, normalized to the side length of the investigation domain are
and
where M = 100 is the number of examples in the test set and, again, the subscript i is used to identify a single case of the test set considered. Also in this case it is important to evaluate the trade-off between the technological simplicity of the measurement equipments that can be used by the amplitude-only technique and the expected superior precision obtained by using the complete information on the scattered electric field. For this reason, by using the same training and test sets, the neural network which makes use of the more complete information estimated the unknown quantities x c and y c with the following errors: N E max xc = 4.1%, N E max yc = 10.4%, N E av xc = 1.2%, and N E av yc = 1.8%. From these errors we deduce that by simplifying the hardware of the measurement system we obtain an increase of the errors equal to ∆N E max xc = 3.1%, ∆N E max yc = 1.2%, ∆N E av xc = 0.3%, and ∆N E av yc = 2.1%. When precision is a must it may be necessary to use the standard technique requiring more complex hardware. However, the above comparisons show that there is also the possibility of using the simplified hardware involved in the amplitude-only technique and obtaining good accuracy in the solution of microwave inverse problems.
Robustness to noisy input data
In this section the performances of the amplitude-only technique in the presence of noisy input data is taken into account. In particular, we consider the problems described above and by supposing that a gaussian white noise affects the measured amplitude data we analyze the dependence of the result accuracy on the signal-to-noise ratio.
As far as the dielectric reconstruction problem is concerned, we considered a noise corrupted test set made up of 48 examples (ε r = 1. ≅ 12%), while to obtain acceptable results for the electric conductivity a signal-to-noise ratio greater than 40 dB is required.
The same range of signal-to-noise ratio has been considered also for the problem of the localization of buried objects. In particular, in this case we used a noise corrupted test Figure 7(b) shows the errors for y c . In this case one can note that a signal-to-noise radio as big as 40 dB is almost unable to affect the performances of the amplitude-only technique. It is important to note, moreover, that even for a signal-to-noise ratio of 30 dB the results are in some way reliable, as N E max xc ≅ 10% and N E max yc ≅ 20%, i.e., the maximum uncertainty in the localization of the buried object is still below the 20 % of the linear dimensions of the investigation domain.
Conclusions
In this work, we propose a microwave technique, based on neural networks and amplitude-only data, for the localization and the dielectric characterization of cylindrical objects. The efficiency of the proposed technique is illustrated in the case of the reconstruction of the dielectric properties of homogeneous cylinders in free space and in the case of the detection of the position of circular cylinders buried in a lossy half-space. The results obtained, by themselves encouraging, are compared with those achieved considering the whole information of the scattered electric field (i.e., amplitude and phase). These comparisons show, as expected, a better precision of the more complex technique but also the very good absolute performances of the simplified one. The robustness of the proposed technique is also tested considering the presence of noise affecting the measured input data.
In conclusion, since the proposed amplitude-only technique allows to overcome the drawbacks related to the measurement of the phase distribution and, at the same time, to obtain a good accuracy in the results, the approach seems to be very attractive in many real applications, where only very simple instruments can be used for the measurement of the electromagnetic field with a reduction of costs and system complexity. 
